Overview {#Sec1}
========

*Toxoplasma gondii* is a protozoan parasite of the *Coccidian* family which is considered as the most prevalent parasitic zoonotic disease in the world (Tenter et al. [@CR50]). The parasite has a complex life cycle, in which cats function as definitive hosts. During one stage of *T. gondii*\'s life cycle, felines transmit the parasite to the environment through shedding millions of *T. gondii* oocysts. After sporulation and upon intake by intermediate hosts, such as birds or rodents, other species can get infected with *T. gondii* (Dubey et al. [@CR19]; Kijlstra et al. [@CR32]). Humans can contract the parasite through consumption of undercooked and infected meat from food animals (Cook et al. [@CR12]; Dubey [@CR15]), or by water or food products that are contaminated with oocysts (Dubey and Jones [@CR17]).

Congenital transmission does occur and may lead to severe problems in unborn children and babies, including abortion, hydrocephalus, neurological disorders, and retinochoroiditis (Wallon et al. [@CR57]). Reactivation of undiagnosed congenital toxoplasmosis can lead to ocular toxoplasmosis later in life, leading in many cases to blindness even with treatment (Bosch-Driessen et al. [@CR7]; Wallon et al. [@CR57]). In the USA, it is estimated as the third cause of death by food-borne pathogens (Mead et al. [@CR34]), and also in Europe it can be considered as one of the main pathogens (Havelaar et al. [@CR23]). Unfortunately, detection of the parasite in the human body is difficult (Montoya and Liesenfeld [@CR40]).

Here, we postulate that global warming will cause an increase of *T. gondii* seroprevalence in humans in some regions of in North-Western Europe. This increase due to environmental factors will be coincided with anthropogenic factors such as urbanization and re-emergence of the parasite due to changes in livestock systems.

Global warming in North-Western Europe {#Sec2}
======================================

Global warming resulting from greenhouse emissions is projected to lead to a changing climate in North-Western Europe. Changes in temperature, rainfall, and atmospheric CO~2~ concentrations will affect multiple biophysical processes, including the life cycle of pathogens. Moreover, climate change influences the habitat of animals; as a consequence, range shifts will occur (Parmesan and Yohe [@CR42]). Species that are incapable of adapting to these changes will become extinct (Thomas et al. [@CR51]). The combination of changing biotic and abiotic factors will have a significant effect on existing pathogen cycles.

The evaluation of climate change is based on simulations with global climate models (GCM) for the four IPCC emissions scenario families (Houghton et al. [@CR26]), see also Table [1](#Tab1){ref-type="table"}. Climate researchers have deduced a number of climatic scenarios from these scenario families, each with their own characteristics. As a result, each model has its specific outcome and predictions. As an example, the projected changes in annual precipitation are presented for North-Western Europe as calculated by the Hadley Centre for a B2 climate change scenario in 2080 in Fig. [1](#Fig1){ref-type="fig"}. Table 1Main climate change scenario families as defined in the SRES (Special Report on Emissions Scenarios) report by the IPCCScenarioDescriptionA1Rapid economic growth, global population 9 billion in 2050 then a gradual decline, quick spread of new technologies, convergent world in terms of income and life between regions. Extensive social and cultural interaction.A2A world of independently operating, self-reliant nations, continuous growth of the global population, regionally oriented economic development, slower and more fragmented spread of technological changes.B1Rapid economic growth (similar to A1), but more rapid changes to a service and information economy, population growth similar to A1, reduction in material intensity and introduction of more resource efficient or even clean technologies, worldwide emphasis on economic, social and environmental stability.B2Continuously increasing population although slower than in the A2 scenario, emphasis on local development and stability, intermediate levels of economic development. Slower and more fragmented technological change compared to A1 and B1 scenario.Fig. 1Projected changes in annual precipitation in case of a B2 scenario. Source: HadCM3 model, Hadley Centre, United Kingdom

Generally, however, these scenarios indicate that annual temperatures over Europe warm at a rate of between 0.1 and 0.4°C decade^−1^. In Northern Europe (which includes the United Kingdom, Northern Germany, Denmark, Belgium, Luxemburg, and the Netherlands), the projected temperatures are highest in winter, while annual precipitation is likely to increase between +1% and +2% decade^−1^ (Ruosteenoja et al. [@CR48]). In the United Kingdom, a rise of mean temperatures of 2--3.5°C in 2080 is expected, depending on the exact location and the scenario that is used for calculation purposes. The greatest temperature increase will be in the southern and eastern parts of the country. More winter precipitation and less summer precipitation are expected (Anonymous [@CR2]). On the other side of the North Sea, for example in the Netherlands, the temperatures will also increase (Van den Hurk et al. [@CR52]). Because of the main wind directions (south and west), mean day temperatures will increase in the autumn and winter. In 2100, temperatures may have risen by 1.1--6.4°C compared to the mean day temperature of 1990, with the maximum likelihood of 1.8--4°C (Van den Hurk et al. [@CR52]). Temperature extremes will increase; although there will be less cold days, the coldest winter days will become colder. On the other hand, the warmest summer days will be hotter. Similarly to the United Kingdom, winter precipitation will increase while the summer precipitation will slightly reduce (Van den Hurk et al. [@CR52]).

Generally, three main trends can be distinguished in the North-Western European region (Van den Hurk et al. [@CR52]). These are: (1) an increase in total precipitation (Fig. [2](#Fig2){ref-type="fig"}); (2) an increase in mean temperature (Fig. [3](#Fig3){ref-type="fig"}); and (3) an increase in weather extremes. It can be expected that these factors will influence the prevalence of toxoplasmosis in this region. By combining the information from Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} (precipitation and temperature), we have made a map of those regions where more *T. gondii* presence is expected in the future. This map is displayed in Fig. [4](#Fig4){ref-type="fig"}. Although this map is highly speculative as it is based upon the projections of only one scenario (A1) and of only one model (CCSR/NIES), it demonstrates that by combining different climatic information sources it will become possible to predict changes in *T. gondii* prevalence. Fig. 2Total precipitation in North-Western Europe as calculated by the CCSR (Center for Climate System Research, University of Tokyo) and NIES (National Institute for Environmental Studies) model under a SRES A1 scenario. Presented is the total mean precipitation in period from 1970 to 1999 (**a**), and the projected total mean precipitation from 2010 to 2039 (**b**) and 2040--2069 (**c**). Figures obtained from [www.ipcc-data.org](http://www.ipcc-data.org)Fig. 3Mean temperatures in North-Western Europe as calculated by the CCSR (Center for Climate System Research, University of Tokyo) and NIES (National Institute for Environmental Studies) model under a SRES A1 scenario. Presented are mean temperatures in period from 1970 to 1999 (**a**), and the projected mean temperatures from 2010 to 2039 (**b**) and 2040--2069 (**c**). Figures obtained from [www.ipcc-data.org](http://www.ipcc-data.org)Fig. 4Expected increases in *T. gondii* prevalence in North-Western Europe towards 2069 based upon the combination of climatic conditions from Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}. The *dotted bright green areas* indicate a small increase in *T. gondii* prevalence as a result of climatic change, *pink areas* a limited increase, and *red areas* a substantial increase

Global warming and *T. gondii* {#Sec3}
==============================

Each environmental change, whether occurring as a natural phenomenon or through human intervention, changes the ecological balance and context within which disease hosts or vectors and parasites breed, develop, and transmit disease (Patz et al. [@CR43]). When focusing specifically on *T. gondii*, three different effects can be identified: (1) pathogen survival will be affected by environmental changes; (2) because of increased precipitation, sporulated oocysts are more easily spread throughout the environment; and (3) climate change will influence the ecology of (transport) hosts.

First, environmental conditions are important for oocyst survival. Worldwide, prevalence of *Toxoplasma* is high in humid tropical areas and low in hot and dry areas. Prevalence of the parasite in arctic areas is also low (Tenter et al. [@CR50]). The environmental resistance of *T. gondii* oocysts may depend on the stage of sporulation (Lindsay et al. [@CR33]). The sporulation process means that parasite oocysts must mature between 1 and 5 days to become infective for other hosts. Sporulated oocysts remain viable in a moist environment for a number of years (Dubey and Beattie [@CR16]), since they can largely resist threats such as heat and cold. Under laboratory conditions, sporulated oocysts survived storage at 4°C for up to 54 months and freezing at −10°C for 106 days (Dubey [@CR14]). It has been also demonstrated that sporulated oocysts survived at least 32 days at 35°C and 9 days at 40°C, while exposure at a temperature of 37°C during a period of 24 h was lethal for non-sporulated oocysts (Dubey et al. [@CR18]).

Climate change causes increasing temperatures, drier summers, and wetter winters. Because mean winter temperatures are increasing (except for some short periods of extreme winter weather), sporulated oocyst survival is likely to increase. This increase can have consequences for *T. gondii* prevalence in intermediate and final hosts.

It is known that climatic factors directly influence the risk of infection in cats. In a 10-year study in an urban population of domestic cats in France, it was demonstrated that prevalence of antibodies against *T. gondii* was related to the interaction between temperature and rain (Afonso et al. [@CR1]). The risk of infection increases when the weather was both warm and moist, or moderated and less moist. These authors hypothesized that moist conditions can increase oocyst survival during longer periods of heat (Afonso et al. [@CR1]), a suggestion also mentioned by others (Frenkel et al. [@CR20]). In the USA, the lowest *T. gondii* antibody prevalences in cats were encountered in the most arid regions of the country (Vollaire et al. [@CR53]).

Sources of human *T. gondii* infection are oocysts shed in feces of infected felines that may be ingested by humans by consumption of uncooked fruit, berries, or vegetables (Kapperud et al. [@CR27]) or tissue cysts from infected meat animals (Meerburg et al. [@CR36]; Kijlstra and Jongert [@CR28], [@CR29]). It is therefore plausible that if sporulated oocyst survival increases, also the number of human infections will increase. Tenter (Tenter et al. [@CR50]) has demonstrated that the seroprevalence in women of childbearing age is higher in those countries that have a warmer climate. In France, for example, seroprevalence was 54--58%, compared to only 10--22% in the United Kingdom and 22--27% in Denmark (Tenter et al. [@CR50]). However, this difference can partly be attributed to different food habits (e.g., consumption of raw lamb meat). Moreover, in the future, this difference in seroprevalences between Northern and Southern Europe may become smaller or even shift, as climate change will also affect incidence of *T. gondii* in Southern European countries (more arid).

In North-Western Europe, more water will need to be drained from the land and transported elsewhere because of the higher amounts of precipitation and weather extremes. The chance that this water is polluted with sporulated oocysts will increase. Drinking water can be a source of human infection (Benenson et al. [@CR5]; Aramini et al. [@CR3]; Bahia-Oliveira et al. [@CR4]; Sroka et al. [@CR49]). For example, in March 1995, a sudden increase in serologically diagnosed cases of acute toxoplasmosis was observed in the Greater Victoria area of British Columbia, Canada. These acute cases were linked to residence in the distribution system of one reservoir supplying water to Greater Victoria. The epidemics were preceded by peaks of heavy rainfall and turbidity in the implicated reservoir (Bowie et al. [@CR9]). It was found that domestic and feral cats and cougars shed *T. gondii* oocysts near the water edge, thus causing outbreaks in times of high precipitation (Aramini et al. [@CR3]). Moreover, freshwater runoff from urban centers may cause extensive infection of wildlife such as is the case along the California coast with southern sea otters (*Enhydra lutris nereis*) (Miller et al. [@CR38]). Similar problems could occur in North-Western Europe due to changing climatic conditions.

Changes in environmental conditions can also lead to changing ecological patterns of host species. New ecological equilibriums (based on biological principles such as predator--prey relationships) will have to settle themselves for many species. In insect populations, for example, increases in mean annual temperatures can lead to activity earlier in the year than currently, as their growth rates increase and winter mortality can decrease. A gradual, continuing rise in atmospheric CO~2~ will also have an effect (Cannon [@CR10]). Range expansion could result in increased abundance of insect species near their northern limit ranges (Cannon [@CR10]). Ranges are already shifting: in one study, it was estimated that 59% of a total of 1,598 species has demonstrated measurable changes in their distributions and phenologies over the past 20 to 140 years (Parmesan and Yohe [@CR42]). Increased precipitation is likely to cause a qualitative and quantitative increase in insect breeding sites, while higher temperatures will affect the density of vegetation. In turn, this will affect biotic factors such as competition, predation, parasitism, and disease (Cannon [@CR10]). These aspects are important as arthropods and annelids may act as transport hosts, thus causing transmission of *T. gondii* through the environment (Wallace [@CR56]; Ruiz et al. [@CR47]; Ruiz and Frenkel [@CR46]; Chinchilla et al. [@CR11]). Flies can carry sporulated oocysts on their exoskeleton (Wallace [@CR55]; Graczyk et al. [@CR22]) and might cause infection of birds and mammals. Also, changes in mammal ecology may contribute to the spread of *T. gondii* throughout the environment. Rodents are also considered as reservoir hosts for *T. gondii* (Dubey [@CR13]; Hejlicek et al. [@CR24]; Kijlstra et al. [@CR32]), next to many other pathogens (Mills and Childs [@CR39]; Meerburg and Kijlstra [@CR35]; Meerburg et al. [@CR37]). According several studies, these animals play an important role in the transmission of *T. gondii* to zoo animals (Pertz et al. [@CR44]) and swine (Kijlstra et al. [@CR30], [@CR31]). Although the response of rodents to climatic factors can vary considerably from species to species (Githeko et al. [@CR21]), it seems reasonable that, because of global climate change, shelter conditions improve (more leaf coverage because of higher temperatures and more CO~2~) and food availability increases. This will probably affect litter sizes (especially more survival of rodent youngsters), which through congenital transmission may be infected with *T. gondii*. Thus, there will be an increased risk that they transfer the parasite to cats (as definitive host) or livestock animals (accidental hosts). In the end, this could lead to a higher prevalence of the parasite throughout the environment, resulting in more cases of human infection.

Past, present, and future: concluding remarks {#Sec4}
=============================================

Through a combination of environmental and anthropogenic factors, it is likely possible for *T. gondii* to expand its home range significantly in the future. Climatic conditions may improve the well-being of the parasite throughout the environment in some European regions (Fig. [4](#Fig4){ref-type="fig"}). Further urbanization may heighten interaction between domestic or stray cats and wild animals (Hill et al. [@CR25]), thus affecting the presence of *T. gondii* in the environment. Changing farming systems may result in more interaction between wild fauna and livestock. During the past century, we have seen many changes in *T. gondii* prevalence, mainly because of anthropogenic factors. Until the late 1960s, pigs in North-Western Europe were kept mainly outdoors and in direct contact with the surrounding environment. Because of this farming system, 75% of animals were shown to be infected with the parasite (Tenter et al. [@CR50]). However, in the 1970s, agriculture became more and more industrialized and pigs had no outdoor access. This had significant effects: in the UK, the seroprevalence in humans in different age groups was determined between 1969 and 1990 (Walker et al. [@CR54]). A prevalence of 40--50% was attained by the age class 41--45 years. In 1990, this level was not approached until the 66--70-year class. Thus, the exposure to *T. gondii* declined in this study over a 20-year period (Walker et al. [@CR54]). Also, in Sweden, a declining incidence was reported in a study that followed longitudinal seroprevalence in pregnant women during a 40--50-year period (Nokes et al. [@CR41]). During the last two decades, however, a shift in the decreasing incidence is visible. Farming systems have changed drastically because of societal demands in terms of animal welfare and food animals are sometimes allowed outdoors again. However, there are also constraints as these systems may impose an increased risk of contracting the parasite (Kijlstra et al. [@CR30]; [@CR31]).

As a result of the expansion of *T. gondii* in North-Western Europe, it is likely that more people will come into contact with this parasite, one way or another. As a consequence and in order to counter the severe consequences, more attention should be paid to the development of human vaccines which offer full protection to the parasite (Bout et al. [@CR8]; Bhopale [@CR6]; Dubey [@CR15]; Rosenberg et al. [@CR45]). Until these are developed, treatment optimization and other means of prevention (e.g., freezing of meat (Kijlstra and Jongert [@CR29]) or consumer education) should be emphasized.
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